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Escherichia coli strains (KJ060 and KJ073) that were previously developed for succinate production have now
been modified for malate production. Many unexpected changes were observed during this investigation. The initial
strategy of deleting fumarase isoenzymes was ineffective, and succinate continued to accumulate. Surprisingly, a
mutation in fumarate reductase alone was sufficient to redirect carbon flow into malate even in the presence of
fumarase. Further deletions were needed to inactivate malic enzymes (typically gluconeogenic) and prevent con-
version to pyruvate. However, deletion of these genes (sfcA and maeB) resulted in the unexpected accumulation of
D-lactate despite the prior deletion of mgsA and ldhA and the absence of apparent lactate dehydrogenase activity.
Although the metabolic source of this D-lactate was not identified, lactate accumulation was increased by supple-
mentation with pyruvate and decreased by the deletion of either pyruvate kinase gene (pykA or pykF) to reduce the
supply of pyruvate. Many of the gene deletions adversely affected growth and cell yield in minimal medium under
anaerobic conditions, and volumetric rates of malate production remained low. The final strain (XZ658) produced
163 mM malate, with a yield of 1.0 mol (mol glucose�1), half of the theoretical maximum. Using a two-stage process
(aerobic cell growth and anaerobic malate production), this engineered strain produced 253 mM malate (34 g
liter�1) within 72 h, with a higher yield (1.42 mol mol�1) and productivity (0.47 g liter�1 h�1). This malate yield and
productivity are equal to or better than those of other known biocatalysts.

The U.S. Department of Energy has identified malic acid
and other 1,4-dicarboxylic acids (fumaric and succinic) as
building block chemicals that could be made in large quantities
from renewable carbohydrates and converted to high-volume
products (41). Presently, malic acid usage is limited to phar-
maceuticals, cosmetics, and acidulants in the food industry (3,
33). It is produced as a racemic mixture by chemical synthesis
(hydration of maleic or fumaric acid) or as enantiomerically
pure L-malate by the enzymatic hydration of fumarate (immo-
bilized cells or fumarase) (3, 9, 30). Substrates for the synthesis
of malic acid (maleic acid, fumaric acids, maleic anhydride) are
derived from petroleum (32). Increases in oil and gas prices
coupled with concerns about climate change and global warm-
ing have renewed interest in the production of malic acid by
microbial fermentation (10).

Malate can be made by a wide range of microorganisms
using aerobic or microaerophilic processes (Table 1) (2, 21, 27,
28, 37). Aspergillus flavus is the best-known producer (2). This
organism can ferment glucose to malate with a relatively high
yield (1.28 mol malate/mol glucose), titer (113 g liter�1), and
productivity (0.59 g liter�1 h�1). However, this biocatalyst is
not useful in industrial processes because of the potential for
aflatoxin production (2, 8). A sugar-tolerant yeast, Zygosaccha-
romyces rouxii, was recently found to produce 75 g liter�1 malic
acid when cultured aerobically in complex medium containing

300 g liter�1 glucose (37). Malate has also been produced by
engineered strains of Saccharomyces cerevisiae (29, 44). Over-
expression of plasmid-born genes encoding pyruvate carboxy-
lase, cytosolic malate dehydrogenase, and a heterologous
malate transporter resulted in the production of 59 g liter�1

malate (44).
Escherichia coli has proven to be an excellent biocatalyst

platform for metabolic engineering. Derivatives of E. coli have
been constructed for the production of succinate (6, 16, 22, 24)
and other monomers for plastics and rubber (5, 38, 42, 50),
renewable fuels (1, 14, 46), antimalarial drug precursors (31),
amino acids (26, 45, 48), and other compounds (4, 7, 18). E.
coli was previously engineered in our lab for succinate produc-
tion by increasing the expression of pyruvate carboxykinase, an
energy-conserving reaction (16, 17, 47, 49). Malate is an inter-
mediate in this process (Fig. 1) but requires only a single
reducing equivalent for synthesis from phosphoenolpyruvate
(PEP). A homomalate fermentation could produce up to 2 mol
of malate/mol of glucose at redox balance, preserve all glucose
carbon, and incorporate two additional molecules of CO2

(greenhouse gas) with a product yield of 149% of that of
glucose (weight basis).

In this study, E. coli succinate-producing strains KJ060
(�ldhA �ackA �adhE �pflB) (16) and KJ073 (�ldhA �ackA
�adhE �pflB �mgsA �poxB) (16) were further engineered for
malate production by selective gene deletions. Initial modifi-
cations based on current literature (35) and observations of the
central pathway (rational design) were surprisingly ineffective.
The core mutation required to promote malate accumulation
in a succinate-producing strain was the inactivation of fuma-
rate reductase (�frdBC).

MATERIALS AND METHODS

Strains, media, and growth conditions. The strains used in this study are listed
in Table 2. KJ060 and KJ073 were previously engineered for succinate produc-
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tion (16). During strain construction, cultures were grown aerobically at 30°C,
37°C, or 39°C in Luria broth (per liter, 10 g Difco tryptone, 5 g Difco yeast
extract, and 5 g NaCl) containing 2% (wt/vol) glucose or 5% (wt/vol) arabinose.
Ampicillin (50 mg liter�1), kanamycin (50 mg liter�1), or chloramphenicol (40
mg liter�1) was added as needed.

Genetic methods. Chromosomal genes were deleted seamlessly without leav-
ing segments of foreign DNA as described previously (17, 48). Red recombinase
technology (Gene Bridges GmbH, Dresden, Germany) was used to facilitate
chromosomal integration. For the plasmids and primers used during construc-
tion, see Table S1 in the supplemental material.

Enzyme assays. Cells were grown in pH-controlled fermentors and harvested
(70% of the maximal cell density) by centrifugation (7,000 � g for 5 min, 4°C) for
the determination of fumarase activity. Cells were washed twice in 50 mM
sodium phosphate buffer (pH 7.0) and disrupted using a Fastprep-24 (MP Bio-
medicals, Solon, OH) in the presence of 1 mM dithiothreitol (DTT). After
clarification at 13,000 � g (10 min, 4°C), the protein concentration was deter-
mined by the bicinchoninic acid method (Pierce Research Products, Rockford,
IL) using bovine serum albumin as the standard. Fumarase activity was deter-
mined by measuring the conversion of malate to fumarate (the extinction coef-
ficient of fumarate at 240 nm is 2,530 M�1 cm�1) (38). The reaction mixture
contained 100 mM sodium phosphate buffer (pH 7.0), 50 mM malate, and 1 mM
DTT. One unit of activity is the amount of protein required to produce 1 �mol
of fumarate/min. Note that DTT was essential to preserve activity with the
Fastprep-24 bead disruptor.

Fumarate reductase activity was measured by coupling with benzyl viologen as

TABLE 1. Comparison of malate production by natural and metabolically engineered microorganisms

Microorganism Medium/conditions Titer
(g liter�1)

Yield (mol
mol�1)

Productivity
(g liter�1

h�1)
Reference

Natural malate producers
A. flavus Glucose (120 g liter�1) in mineral salts medium, 90 g

liter�1 CaCO3, microaerobic, 25°C, pH 7-5
113 1.26 0.59 2

Z. rouxii Glucose (300 g liter�1) with 5 g liter�1 yeast extract,
10 g liter�1 peptone, 5 g liter�1 glutamate;
microaerobic, 25°C, pH 5

75 0.52 0.54 37

Engineered strains
E. coli WGS-10(p104ManPck) Glucose (20 g liter�1) in mineral salts medium,

aerobic batch, 37°C, pH 6.7
9.25 0.56 0.74 25

S. cerevisiae Glucose (188 g liter�1) in mineral salts medium with
150 g liter�1 CaCO3, aerobic flask, 30°C, pH 6

59 0.42 0.19 44

E. coli XZ658 Glucose (50 g liter�1) in mineral salts medium with
100 mM KHCO3, anaerobic batch, 37°C, pH 7

22 1.0 0.15 This study

E. coli XZ658 Glucose (50 g liter�1) in mineral salts medium with
100 mM KHCO3, two-stage process, 37°C, pH 7

34 1.42 0.47 This study

FIG. 1. Engineering of a pathway for malate production. The cen-
tral pathway for succinate in K060 and K073 is portrayed, showing the
inactivation of fumarase genes predicted to accumulate malate. The
stoichiometry of succinate production is shown assuming excess reduc-
tant. G6P, glucose-6-phosphate.

TABLE 2. Strains used in this study

Strain Relevant characteristics Reference

KJ060a E. coli ATCC 8739 (�ldhA
�ackA �adhE �pflB)

16

XZ273 KJ060 �fumB This study
XZ276 XZ273 �fumAC This study
XZ277 XZ276, sequential subculture to

improve growth
This study

XZ278 XZ277 �aspA This study
XZ280 XZ277 �aspC This study
XZ282 XZ277 �aceA This study
XZ372 KJ060 �frdBC This study
KJ073 KJ060 �mgsA �poxB 16
XZ316 KJ073 �frdBC This study
XZ347 XZ316 �sfcA This study
XZ654 XZ347 �maeB This study
XZ656 XZ654 �fumB This study
XZ658 XZ656 �fumAC This study
XW009 XZ658 �pykF This study
XW036 XZ658 �pykA This study
XW051 XZ658 �pck This study

a Strain KJ060 and derivatives also contain spontaneous mutations in pck and
ptsI and affecting galP that were acquired during selection for improvements in
growth (16, 17, 47, 49).
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described by Lemire and Weiner (23). Both fumarate-dependent and malate-
dependent activities were investigated. Argon was used to minimize exposure to
oxygen.

L-Specific and D-specific lactate dehydrogenase enzymes (Sigma Scientific, St.
Louis, MO) were used to determine the chirality of the lactate produced during
fermentation. Reaction mixtures contained 200 mM Tricine buffer (pH 9.0), 5.5
mM NAD�, and 1 U of commercial enzyme. Activity was measured by moni-
toring the formation of NADH at 340 nm (13). The lactate dehydrogenase
activities from different strains were determined by measuring the conversion of
pyruvate to lactate by oxidizing NADH (extinction coefficient of 6,220 M�1

cm�1) (13). Reaction mixtures contained 200 mM phosphate buffer (pH 7.0), 0.2
mM NADH, and 1 mM pyruvate (13). One unit of activity is the amount of
protein required to convert 1 �mol of pyruvate to lactate/min.

Fermentation. Strains were grown without antibiotics at 37°C in NBS (New
Brunswick Scientific) mineral salts medium (4) supplemented with 2% or 5%
(wt/vol) glucose and 100 mM potassium bicarbonate unless stated otherwise.
Supplementation of a small amount of acetate at the beginning of fermentation
was helpful for the growth of early succinate strains even though additional
acetate was produced during fermentation (16). Acetate (10 mM) was also
included to improve growth for malate strains. Preinocula for fermentations were
grown by transferring fresh colonies into a 250-ml flask (100 ml NBS medium,
2% glucose). After 16 h (37°C, 120 rpm), this culture was diluted into a small
500-ml fermentation vessel containing 300 ml NBS medium (5% glucose, 100
mM potassium bicarbonate) to provide an inoculum of 0.033 g (cell dry weight
[CDW]) liter�1. For a microaerobic process, fermentation was carried out with
a 3-liter bioreactor (BioFlo 110; New Brunswick Scientific, Edison, NJ) contain-
ing 1.5 liters NBS medium (5% glucose, 100 mM potassium bicarbonate). The
inoculum was 0.017 g (CDW) liter�1 with low aeration (0.1 vol/vol/min [vvm]) to
provide microaerobic conditions.

A two-stage process was also investigated using a 3-liter bioreactor (BioFlo
110) containing 1.2 liters NBS medium (5% glucose, 100 mM potassium bicar-
bonate; inoculum of 0.017 g [CDW] liter�1). An airflow of 1.0 vvm was used for
the initial aerobic growth. After 16 h (cell mass of 2.5 g liter�1), the airflow was
stopped and incubation was continued for anaerobic malate production. All
fermentations were maintained at pH 7.0 by the automatic addition of base
containing additional CO2 (base for neutralization: 2.4 M potassium carbonate
and 1.2 M potassium hydroxide).

Analysis. CDW was estimated by measuring optical density at 550 nm. Organic
acids and glucose were measured by high-performance liquid chromatography
(HPLC) (48).

RESULTS

Inactivation of fumarase for malate production. E. coli
KJ060 and derivatives were previously engineered in our lab
for the production of succinate (16). In these engineered
strains, the phosphotransferase system is inactive and phos-
phoenolpyruvate (PEP) is carboxylated to oxaloacetate (OAA)
by PEP carboxykinase (pck), conserving energy as ATP. OAA

is reduced by malate dehydrogenase (mdh), converted to fu-
marate by fumarase (fumB and fumAC), and reduced to suc-
cinate by fumarate reductase (frdABCD) (Fig. 1). Based on this
central pathway, elimination of fumarase activity would be
expected to cause the accumulation of malate.

E. coli contains three fumarase isoenzymes encoded by
fumB, fumA, and fumC (20, 39). Fumarase C is the dominant
enzyme during aerobic growth and oxidative metabolism but
has low activity during anaerobic growth. Fumarase A is the
dominant isoenzyme under microaerobic conditions (1 to 2%
oxygen) and is also synthesized under anaerobic conditions
(39). Fumarase B is induced under anaerobic conditions,
where it serves as the dominant isoenzyme during fermenta-
tion. Based on inspection of this pathway (Fig. 1) and pub-
lished literature (35), inactivation of the fumB-encoded isoen-
zyme would be expected to block the fermentative production
of fumarate and cause accumulation of malate as the primary
reduced product. However, accumulation of malate did not
occur after the deletion of fumB in KJ060 (strain XZ273) and
succinate remained the dominant product (Table 3). Succinate
yield and cell yield were both reduced in XZ273 by over 60%,
consistent with fumarase B serving as the dominant isoenzyme
during fermentation (39). Deletion of the genes encoding all
three isoenzymes (strain XZ276) reduced succinate production
by 97% and cell yield by 75% compared to those of KJ060, with
the accumulation of a small amount of malate (27 mM) after 6
days. With further anaerobic incubation, this malate was con-
verted to succinate despite the inactivation of the three known
fumarase genes.

Strain XZ276 was subcultured at 24-h intervals for 2 weeks,
during which time growth improved substantially. A clone was
isolated and designated XZ277. Strain XZ277 lacking all three
fumarase isoenzymes produced 71 mM succinate after 2 days
and only 1 mM malate (Table 3).

Succinate accumulation in strain XZ277 (�fumAC �fumB).
Five mechanisms were envisioned that could be responsible for
succinate accumulation in fumarase-deficient strains (Fig. 2).
Aspartate metabolism could be activated. A combination of
aspartate transaminase (aspC) and aspartate ammonia-lyase
(aspA) could serve as a bypass route to malate (and succinate)
without producing fumarate. The glyoxylate bypass could be

TABLE 3. Effects of gene deletions on succinate production

Strain Genetic modification(s) Time
(days)

Cell mass
(g liter�1)

Fermentation product concn (mM)b

Mal Suc Pyr Ace For

KJ060a ATCC 8739 �ldhA �ackA �adhE �pflB 2 1.9 127 31 2
XZ273 KJ060 �fumB 4 0.6 47 10
XZ276 KJ060 �fumB �fumAC 6 0.47 27 4 4 15
XZ276 KJ060 �fumB �fumAC 9 1.1 56 45
XZ277c KJ060 �fumB �fumAC 2 1.07 1 71 35
XZ278 XZ277 �aspA 2 1.37 2 82 43
XZ280 XZ277 �aspC 2 1.17 1 78 31
XZ282 XZ277 �aceA 2 1.43 1 97 46

a Strain KJ060 and derivatives also contain spontaneous mutations in pck and ptsI and affecting galP that were acquired during selection for improvements in growth
(16, 17, 47, 49).

b Fermentations were carried out in NBS mineral salts medium with 2% glucose and 100 mM potassium bicarbonate (37°C, pH 7.0, 150 rpm). Anaerobiosis was
achieved during growth with added bicarbonate to ensure an atmosphere of CO2. The acetate concentration in the medium was measured at the end of fermentation.
Abbreviations: Mal, malate; Suc, succinate; Pyr, pyruvate; Ace, acetate; For, formate.

c Sequential subculture (improvement in growth).
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activated by the deletion of fumarase genes and convert OAA
and acetyl coenzyme A into malate and succinate by using
citrate synthase (gltA), aconitate hydratase (acnA and acnB),
isocitrate lyase (aceA), and malate synthase (aceB). E. coli
could have a cryptic gene encoding fumarase activity. E. coli
could use a more complex (unexplored) pathway to produce
succinate. Alternatively, small amounts of malate could be
spontaneously dehydrated to fumarate (�G � �1.3 kcal
mol�1) (12) and reduced to succinate to provide an energeti-
cally favorable process.

Potential conversion of malate to fumarate by aspartic acid
metabolism (aspartate bypass) or by the glyoxylate bypass was
investigated by deleting key genes. Strains XZ278, XZ280, and
XZ282 were constructed by deleting aspA, aspC, and aceA in
XZ277, respectively. After 2 days of fermentation, all of these
strains produced primarily succinate and very little malate (Ta-
ble 3), reducing the likelihood that activation of either pathway
contributes to succinate accumulation.

Fumarase activities were measured in cell lysates of strains
KJ060, XZ273 (KJ060 with a fumB deletion), and XZ277
(KJ060 containing deletions in fumAC and fumB). Under sub-
strate-saturating conditions, the fumarase activity of XZ273
(0.13 � 0.03 U mg�1) was about 20% of the fumarase activity
of KJ060 (0.60 � 0.03 U mg�1). Little activity was detected in
XZ277 (0.00015 � 0.00002 U mg�1), in which all three fuma-

rase genes were deleted. Similar low levels were also observed
for boiled lysates of KJ273 (�0.0001 U mg�1) and bovine
serum albumin, consistent with the absence of activity from a
cryptic fumarase gene.

Although the net rate of spontaneous dehydration was es-
sentially below the limit of detection, the possible production
of succinate in a fumarase-negative strain by coupling with the
energetically favorable reduction of fumarate was investigated.
No malate-dependent fumarate reductase activity could be
detected in cell lysates of strain XZ277 (�fumAC �fumB),
however, making such coupling unlikely.

Deletion of fumarate reductase promoted malate and pyru-
vate accumulation. An improved-succinate strain (KJ073) be-
came available during the course of this study (16). This strain
is a derivative of KJ060 that contains additional mutations in
methylglyoxal synthase (�mgsA) and pyruvate oxidase
(�poxB). Deletion of fumarate reductase in KJ060 and KJ073
(XZ372 and XZ316, respectively) did not cause accumulation
of fumarate. However, this mutation eliminated over 90% of
the strain’s succinate production and promoted the accumula-
tion of malate (Table 4), an earlier intermediate in the path-
way. Deletion of fumarate reductase was also accompanied by
an increase in pyruvate and a decline in acetate. There are
many routes that could lead to an increase in pyruvate. The
decrease in acetate production by XZ372 and XZ316 can be

FIG. 2. Pathways concerned with malate metabolism and succinate production. The native fermentation pathway produces malate as an
intermediate between OAA and fumarate. Fumarate is subsequently reduced to succinate. Gray arrows represent alternative routes to succinate
which do not involve malate. Succinate can be produced from OAA through either an aspartate bypass (aspartate aminotransferase and aspartase)
or by using the glyoxylate bypass (citrate synthase, aconitate hydratase, and isocitrate lyase). Although two genes that encode enzymes for PEP
carboxylation to OAA are shown, pck was found to be responsible for 97% of this reaction. Intermediate steps in glycolysis have been omitted for
clarity. Original gene deletions in the succinate-producing parent (KJ073) are marked by stars. Sites of new deletions described in this paper are
also marked (�). Abbreviations: Acetyl-CoA, acetyl-coenzyme A; Acetyl-P, acetylphosphate; 	-KG, 	-ketoglutarate.
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attributed, in part, to the decrease in glucose metabolism and
lower cell mass.

Our results demonstrate that deletion of fumarate reductase
genes results in an accumulation of malate, consistent with the
idea that fumarate is an intermediate in succinate production
even in the absence of fumarase genes (Tables 3 and 4). The
metabolic source of this malate remains unknown. Sugar me-
tabolism, cell yield, and succinate production were higher in
KJ073 than in KJ060 (Table 4), and this strain was used in
further studies to engineer improvements in malate produc-
tion.

Pyruvate accumulation in XZ316 attributed to malic en-
zymes (encoded by scfA and maeB). Conversion of malate to
pyruvate is a thermodynamically favorable reaction (12). Al-
though genes encoding malic enzymes (gluconeogenic) have
been shown to be repressed by glucose during oxidative me-
tabolism (19, 36), these enzymes represent potential routes to
pyruvate (Fig. 2). There are two malic enzymes in E. coli,
NAD�-dependent SfcA and NADP�-dependent MaeB. The
genes for both were sequentially deleted. Deletion of sfcA to
produce strain XZ347 increased the cell yield by 20% and
increased malate production to 70 mM, 3-fold that of the
parent XZ316. Subsequent deletion of the NADPH-linked
malic enzyme (maeB) to produce XZ654 further increased the
malate yield but decreased the malate titer, glucose metabo-
lism, and cell yield. With the deletion of both genes (XZ654),
pyruvate production was substantially eliminated (3 mM), es-
tablishing SfcA and MaeB as the primary sources of pyruvate.
Thus, both malic enzymes are able to participate in glucose
fermentation, in addition to their role in gluconeogenesis dur-
ing oxidative metabolism. During fermentation, a futile cycle

composed of Pck, Mdh, MaeB, and PEP synthetase (pps) could
effectively convert NADH to NADPH for biosynthesis at the
cost of a single ATP equivalent (Fig. 2).

Deletion of fumarase isoenzymes in a fumarate reductase
mutant. Malate accumulated as a primary fermentation prod-
uct only after the deletion of fumarate reductase (Tables 3 and
4). Since small amounts of malate were produced by fumarase-
deficient strain XZ276 after fermentation for 6 days, deletion
of fumarase genes (fumB and fumAC) in XZ654 to produce
XZ658 was expected to be of minor benefit. However, deletion
of these fumarase genes (strain XZ658) more than doubled the
cell yield (127% increase) and increased the malate titer by
4-fold (Table 4). The higher cell yield and malate titer were
accompanied by an increase in lactate production during fer-
mentation. However, lactate levels were reduced by 90% when
aerobically grown cells were used in a two-step fermentation
process (Table 4).

Lactate accumulation reduced by pyruvate kinase deletions.
Deletion of genes encoding the three fumarase isoenzymes
(XZ658) caused a large and unexpected increase in lactate (78
mM; Table 4) despite the absence of lactate dehydrogenase
(�ldhA) and methylglyoxal synthase (�mgsA). Testing with
chiral-specific lactate dehydrogenases indicated that only the
D-lactate enantiomer was present. No lactate dehydrogenase
activity could be detected in disrupted cells of XZ658, and the
pathway leading to this D-lactate in E. coli remains unknown.
However, we observed that the addition of pyruvate (57 mM)
to the fermentation medium increased the accumulation of
D-lactate (and malate), cell yield, and the lactate/malate ratio
(Table 4). The effects of added pyruvate are complex and may

TABLE 4. Effects of gene deletions on malate production

Strain Genetic modification(s) Time
(days)

Cell mass
(g/liter)

Glucose
concn

used (mM)
Mal yieldb

Fermentation product concn (mM)f

Mal Fum Suc Pyr Lac Ace

KJ060a,c ATCC 8739 �ldhA �ackA
�adhE �pflB

2 1.9 277 0 291 2 125

XZ372 KJ060 �frdBC 6 0.5 72 0.53 � 0.08 38 � 6 1 9 16 40
KJ073c KJ060 �mgsA �poxB 2 2.2 277 0 339 6 115
XZ316c KJ073 �frdBC 6 0.44 55 0.44 � 0.06 24 � 3 1 5 74 5
XZ347c KJ073 �frdBC �sfcA 6 0.53 99 0.71 � 0.10 70 � 11 1 9 51 15
XZ654c KJ073 �frdBC �sfcA �maeB 6 0.33 45 0.89 � 0.11 40 � 5 1 4 3 2 10
XZ658c KJ073 �frdBC �sfcA �maeB

�fumB �fumAC
6 0.75 163 1.0 � 0.13 163 � 22 1 4 13 78 6

XZ658d KJ073 �frdBC �sfcA �maeB
�fumB �fumAC

6 0.85 216 0.91 � 0.06 197 � 13 14 50 156 15

XW009c KJ073 �frdBC �sfcA �maeB
�fumB �fumAC �pykF

6 0.46 85 1.3 � 0.07 111 � 15 2 21 5 11

XW036c KJ073 �frdBC �sfcA �maeB
�fumB �fumAC �pykA

6 0.42 74 1.1 � 0.04 84 � 7 3 33 5 11

XW051 KJ073 �frdBC �sfcA �maeB
�fumB �fumAC �pck

6 0.26 25 0.3 � 0.1 6.4 � 1 0.5 4 14

XZ658e KJ073 �frdBC �sfcA �maeB
�fumB �fumAC

3 2.5 182 1.42 253 10 12 8

a Strain KJ060 and derivatives also contain spontaneous mutations in pck and ptsI and affecting galP that were acquired during selection for improvements in growth
(16, 17, 47, 49).

b Yield was calculated as moles of malate produced per mole of glucose consumed.
c Fermentations were carried out in a 500-ml flask with 300 ml NBS mineral salts medium with 5% glucose, 10 mM acetate, and 100 mM potassium bicarbonate (37°C,

pH 7.0, 150 rpm). Anaerobiosis was achieved during growth with added bicarbonate to ensure an atmosphere of CO2. The acetate concentration in the medium was
measured at the end of fermentation.

d The fermentation medium was supplemented with 57 mM pyruvate.
e XZ658 was tested with a two-stage process (aerobic cell growth and anaerobic malate production).
f Abbreviations: Mal, malate; Fum, fumarate; Suc, succinate; Pyr, pyruvate; Lac, D-lactate; Ace, acetate.
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be quite indirect due to its central role in metabolism. How-
ever, this suggested an approach to lactate reduction.

Deletion of pykA or pykF was tested as a means of reducing
the supply of pyruvate from PEP (Table 4). Deletion of either
isoenzyme of pyruvate kinase reduced lactate production by
over 90%. Cell yield and succinate production were also de-
creased by the deletion of either pykA or pykF. Together, these
results indicate that both isoenzymes of pyruvate kinase func-
tion during glucose fermentation and that lactate production is
related in part to an excess supply of pyruvate.

Bacteria such as Lactobacillus delbrueckii contain enzymes
capable of converting malate to L(�)-lactate (43). Genes en-
coding these enzymes were used to search the sequence of E.
coli C for homologues. Two related genes were found, sfcA and
maeB, and both encode malic enzymes. Deletion of these
genes individually or in combination did not eliminate lactate
production (Table 4). Direct testing for the production of
lactate from malate by a cell lysate of E. coli XZ658 was also
unsuccessful (detection by HPLC). The pathway for lactate
production in XZ658 remains unknown.

Improving the production of malate. Although malate was
the dominant fermentation product of XZ658, cell growth
(0.75 g/liter) and malate productivity (0.15 g liter�1 h�1) were
low in comparison to those achieved with our previous bio-
catalysts for succinate (16, 17, 49) and lactate (11). A sponta-
neous mutation leading to increased production of pyruvate
carboxykinase was a key event for development of the succi-
nate production strains (47, 49). The importance of pck for
malate production was also confirmed. Deletion of pyruvate
carboxykinase in XZ658 reduced the titer of malate from 163
mM to 6 mM, a 96% reduction (Table 4).

Microaerobic (4, 5) and two-stage processes (aerobic cell
growth followed by anaerobic fermentation) have been used
previously to improve succinate production (34, 40). Both ap-
proaches were investigated to improve malate production. Af-
ter 6 days under microaerobic conditions (0.1 vvm air), malate
production (120 mM) and malate yield (0.49 mol/mol glucose)
were even poorer than during anaerobic fermentations (Table
4). A two-stage process proved more effective for malate pro-
duction. Cells were grown aerobically (1.0 vvm air) for 16 h
(2.5 g [CDW] liter�1) and then shifted to anaerobic conditions
for malate production (72 h). With this approach, 253 mM
malate was produced with a yield of 1.42 mol/mol glucose.
Under these conditions, very little lactate was produced. Pro-
ductivity of malate during the anaerobic phase averaged 0.47 g
liter�1 h�1.

DISCUSSION

None of the natural malate-producing microorganisms ap-
pears suitable for large-scale commercial production due to
either toxin production (aflatoxin [A. flavus]) or dependence
on complex medium and low yields (Z. rouxii) (2, 37) (Table 1).
S. cerevisiae and E. coli are excellent platforms for biologically
based chemicals, and both have been investigated as biocata-
lysts for malate production (25, 44). S. cerevisiae was engi-
neered for aerobic malate production by overexpressing pyru-
vate carboxylase, cytosolic malate dehydrogenase, and a
malate transporter from Schizosaccharomyces pombe. This
strain produced 59 g liter�1 malate in flask cultures after 192 h

(44). However, the malate yield (0.42 mol mol�1) and produc-
tivity (0.29 g liter�1 h�1) were low. E. coli was previously
engineered for aerobic malate production by overexpressing
“Mannheimia succiniciproducens” PEP carboxykinase and in-
activating acetate production (25). Although the productivity
was high (0.74 g liter�1h�1), the final titer and yield were low
(9.25 g liter�1 and 0.56 mol mol�1, respectively). Our engi-
neering strategy provides some new insights into the improve-
ment of microbial malate production.

Several metabolically engineered E. coli strains were previ-
ously constructed for the efficient production of succinate from
glucose under anaerobic conditions (16, 17). Two key genetic
changes were subsequently identified (47, 49). The native glu-
coneogenic PEP carboxykinase was recruited as the primary
carboxylation reaction by mutational activation, conserving en-
ergy as additional ATP. The native glucose PEP-dependent
phosphotransferase system was inactivated and replaced with
the native GalP permease and glucokinase, increasing the
availability of PEP for carboxylation to OAA. These changes
are presumed to be important for the efficient production of
malate, an upstream intermediate in the fermentative succi-
nate pathway. We have confirmed that PEP carboxykinase is
needed for malate production. Deletion of pck in XZ658 led to
dramatic decreases in cell growth and malate production (Ta-
ble 4). Our best strain, XZ658, produced malate as the major
fermentation product with a yield of 1.0 mol/mol glucose dur-
ing batch fermentation under anaerobic conditions. This yield
was increased to 1.42 mol mol�1 using a two-stage process
(aerobic growth followed by anaerobic fermentation), a higher
yield than previously reported (Table 1). Malate productivity
with XZ658 was 0.47 g liter�1 h�1, too low for most commer-
cial uses but comparable to that of the best natural malate-
producing microorganisms (Table 1). The titer of malate with
the succinate-producing parental strain (KJ073) was less than
0.5 mM. Through metabolic engineering and the use of a
two-stage process, this was increased by over 500-fold
(XZ658). Since homomalate production is a redox-balanced
pathway, there is still room for further titer and yield improve-
ment.

The fermentation products from malate-producing strains
were generally more oxidized than expected and not in redox
balance. This was particularly true for cultures with very lim-
ited glucose metabolism, consistent with the scavenging of
small amounts of oxygen in the fermentor. Small unidentified
peaks (refractive index detector) were present in HPLC pro-
files that eluted between lactate and ethanol. These could be
reduced products that contribute to redox balance. The redox
balance was much closer for strain XZ658, a strain that me-
tabolized most of the available sugar.

Initial rational designs of pathway modifications were sur-
prisingly ineffective for a malate biocatalyst. Gene deletions
often produced unexpected results. Deletion of the three fu-
marase genes did not cause the accumulation substrate
(malate) but instead led to the accumulation of succinate as
the primary product. Similarly, deletion of the fumarate reduc-
tase genes did not cause accumulation of the substrate (fuma-
rate) but instead caused the accumulation of malate. The
primary basis of both results is not understood. The thermo-
dynamic equilibrium favors the hydration of fumarate to
malate (�G � �1.3 kcal mol�1) (12), although this reaction is
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reversible under physiological conditions when fumarase is
present. Fumarate appears to be the immediate precursor for
succinate production in a fumarase-negative background. The
metabolic source of this fumarate is unknown. Malate accu-
mulated only in mutants lacking fumarate reductase, with or
without a functional fumarase.

Strains that accumulated malate or succinate in fermenta-
tion broth at relatively high concentrations were readily devel-
oped. Both of these dicarboxylic acids can be actively trans-
ported by E. coli, and each can be used efficiently as a sole
carbon source under oxidative conditions (15). The ability to
utilize these diacids as sole carbon sources when alternative
electron acceptors become available may have been an evolu-
tionary advantage.
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